The denitrification process in the global nitrogen cycle is an anaerobic respiratory system of microorganisms through which electron acceptor nitrogen oxide (NOx) molecules are reduced in a stepwise manner to gaseous dinitrogen and released into the atmosphere ([@r1]). Copper-containing nitrite reductases (CuNIRs) are involved in the key step of denitrification: one-electron reduction of nitrite to nitric oxide (NO~2~^−^ + 2H^+^ + *e*^−^ → NO + H~2~O), which generates gaseous NO and results in the removal of terrestrial fertilizer. Although CuNIRs are divided into class I and class II types depending on the lengths of loop regions ([@r2]), both types usually show commonly shared homotrimeric structures. Each monomeric unit of CuNIRs consists of tandem cupredoxin domains and contains one type 1 copper (T1Cu) and one type 2 copper (T2Cu) sites ([@r3][@r4][@r5]--[@r6]) ([Fig. 1*A*](#fig01){ref-type="fig"}). T1Cu absorbs light at around 600 nm because of ligand-to-metal charge transfer from the sulfur atom of cysteine (Cys) to T1Cu and shows blueish colors ([@r7]). This Cu site, also known as blue copper, is involved in accepting an electron from physiological electron donor proteins. The T1Cu sites in CuNIRs generally have a ligand set composed of two histidine (His), one methionine (Met), and one Cys residues. The Cys residue is juxtaposed to one of the His ligands at the T2Cu site to form a Cys-His bridge. The electron acquired by T1Cu is efficiently transferred through this bridge to the catalytic T2Cu site, which is coordinated by three equatorial His residues and axial water. A quantum chemical analysis suggests that the intramolecular electron transfer (ET) pathway between T1Cu and T2Cu in CuNIR has a hydrogen-bond jump between the Cys amide O atom and the imidazole N^δ^ atom of T2Cu ligand His (route A in [Fig. 1*A*](#fig01){ref-type="fig"}) ([@r8]), although experimental evidence for this has not yet been presented. There are two conserved catalytic residues above the T2Cu site, aspartate (Asp^CAT^) and His (His^CAT^), both of which assist proton transfer (PT) to the substrate ([@r9][@r10][@r11]--[@r12]). Asp^CAT^ and His^CAT^ are connected via one water molecule that is designated as bridging water (BW) and considered to be involved in PT. Because the PT reaction is coupled with intramolecular ET ([@r13], [@r14]), the CuNIR reaction is one of the natural examples of proton coupled electron transfer (PCET).

![Structure of *Gt*NIR. (*A*) Overall structure and copper sites of *Gt*NIR. Two possible intramolecular ET routes, route A (with a hydrogen-bond jump) and route B (with only covalent bonds), are indicated by red and blue arrows, respectively. This figure is generated from an oxidized *Gt*NIR structure determined by SFX (PDB ID code 4YSA). (*B*) Neutron structure of *Gt*NIR trimer. The protein structure is drawn by balls and sticks. Water molecules are shown by sphere representation. Both H and D atoms are colored in white for the clarity. (*C*) An example of sigma-A--weighted neutron scattering length density maps. The 2*F*~o~--*F*~c~ map (courted at 2.0 σ) is shown by pink meshes. The positive (+4.0 σ) and negative (−4.0 σ) *F*~o~--*F*~c~ maps are shown by green and red meshes, respectively. H and D atoms are colored in white and cyan, respectively.](pnas.1918125117fig01){#fig01}

Conventional X-ray crystallography has contributed to the understanding of the mechanisms of ET and nitrite reduction in CuNIRs ([@r3], [@r9], [@r14][@r15][@r16][@r17]--[@r18]). However, hydrated electrons generated by X-ray radiation, especially by synchrotron X-ray radiation, can easily cause reduction of metal centers in metalloproteins, which leads to local structural changes ([@r19], [@r20]). This phenomenon, known as photoreduction, complicates the interpretation of X-ray crystallographic data. Spectroscopic and crystallographic analyses confirm that the metal centers of CuNIRs are reduced by X-ray radiation ([@r21][@r22]--[@r23]). Along this line of thinking, newly developed techniques such as serial femtosecond crystallography (SFX) ([@r23], [@r24]) and serial femtosecond rotational crystallography (SF-ROX) ([@r25], [@r26]) by using X-ray free electron lasers (XFELs) have been applied to damage-free structure determination of resting and substrate-bound states of several CuNIRs. Alternatively, the multiple structures serially from one crystal (MSOX) method uses X-ray radiation as a trigger of the reduction reaction to visualize an *in crystallo* catalytic process of CuNIR ([@r27], [@r28]). MSOX shows a side-on nitrosyl product bound to T2Cu as is observed in NO-soaked CuNIR crystals ([@r15], [@r18]). However, several computational studies have suggested that direct release of NO without forming nitrosyl copper species is energetically favorable and hydroxyl T2Cu remains as a stable product ([@r29][@r30][@r31]--[@r32]). The calculated activation energy shows good agreement with an activation energy value determined experimentally. Moreover, spectroscopic data are inconsistent with the presence of the side-on NO species ([@r33]). Thus, some researchers have supposed that nitrosyl T2Cu is an experimental artifact ([@r31]).

Among the steps of the CuNIR reaction, the PT mechanism is most ambiguous because of the difficulty in detecting the positions of hydrogen (H) atoms and protons (H^+^) only using X-ray diffraction (XRD) analysis. Because the amplitude of X-ray scattering is in proportion to the number of electrons by which X-rays are diffracted, the signals from light atoms are weak and often buried under those from their adjacent C, O, and N atoms. Consequently, H atoms and H^+^ are difficult to observe with XRD even at an atomic resolution showing minimum Bragg spacing (*d*~min~) better than 1.2 Å at which individual atoms can be separately observed ([@r34]). Nakamura et al. recently described an extreme representative of "hidden H atoms" at an atomic resolution, in which a subångström (0.64 Å) resolution XRD data from a cellulase crystal fails to visualize the positions of H atoms and H^+^ on catalytically important residues ([@r35]). Neutron diffraction (ND) crystallography is a powerful tool to determine the positions of H atoms and H^+^. Because neutrons are diffracted by atomic nuclei, the amplitude of neutron scattering depends only on the structures of atomic nuclei. Accordingly, H atoms and atoms of its isotope deuterium (D) contribute to neutron scattering to the same extent as C, N, and O atoms. Moreover, neutron beams with much weaker energy than X-ray ones are thought to have an advantage in determining intact metalloprotein structures without photoreduction. In fact, ND analyses have been applied to iron-containing cytochrome *c* peroxidase ([@r36]) and ascorbate peroxidase ([@r37]) to directly observe protonation states of reaction intermediates that are unresolved by spectroscopic and XRD analyses. A neutron crystal structure of a class I CuNIR from *Achromobacter cycloclastes* (*Ac*NIR) in the resting state has recently been determined at a resolution of 1.8 Å with a quasi-Laue neutron diffractometer ([@r26]). Although this structure has provided insights into the protonation state around T2Cu, deprotonated His^CAT^ at pD5.4 (pH5.0) found in it is inconsistent with previous experimental ([@r11], [@r12], [@r38]) and computational ([@r29]) results. Since CuNIRs are found in a broad spectrum of organisms, investigation of other CuNIRs is needed to confirm that deprotonated His^CAT^ in the resting state is a universal phenomenon among CuNIRs.

Here, we performed time-of-flight (TOF) neutron diffraction data collection ([@r39]) to obtain high quality ND data from a large crystal of a class II CuNIR from *Geobacillus thermodenitrificans* (*Gt*NIR). Our data record near-atomic resolution showing *d*~min~ of 1.50 Å, which is comparable to covalent bond distances dominant in proteins. We carried out joint refinement ([@r40]) against the ND data with XRD data collected from the same crystal to visualize the protonation state of the catalytic site of *Gt*NIR in its resting state. Furthermore, because we used a hydrogen-deuterium (H-D) exchange method, we could obtain information about the H-D exchange ratio of each residue, which provides a clue to protein dynamics.

Results {#s1}
=======

Quality of the Neutron Structure. {#s2}
---------------------------------

We collected ND data from a single *Gt*NIR crystal that diffracted neutrons beyond 1.40 Å resolution at 100 K ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). The data were processed by a profile fitting method ([@r41]) using reflections up to 1.50 Å resolution. The highest resolution shell shows a signal-to-noise ratio of 2.7 and completeness of 99.7% ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Then, we performed joint neutron and X-ray (NX) refinement, which gives better models than the refinement done only with ND data ([@r40]). Although we collected X-ray data up to 1.03 Å resolution, NX joint refinement with X-ray data up to 1.30 Å resolution yielded better *R* values and less noise for both the electron and neutron scattering length density maps compared to when we used full X-ray data. The final *R*~work~/*R*~free~ values for the ND (1.50 Å resolution) and XRD (1.30 Å resolution) data were 14.1/15.8 and 9.73/11.2%, respectively, indicating good accordance of the constructed model with the observed structure factors. Our data clearly visualized the locations of H/D atoms in *Gt*NIR, and a total of 3,043 H/D atoms and 285 hydrating water positions were identified ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"}). The data quality was sufficiently high to show that some amide H atoms deviated from their C^α^-N-C planes. For example, the strong negative peak in the neutron scattering length m*F*~o~--D*F*~c~ difference Fourier (*F*~o~--*F*~c~ neutron) map showed the deviated position of the amide H atom of Thr293 ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). This is consistent with the observation that the dihedral angle of the peptide bond between Val292 and Thr293 was refined to be 144.9°, showing a highly distorted peptide bond.

In addition to T1Cu and T2Cu, the X-ray data showed the electron density of extra Cu ions (Cu3 and Cu4) binding to *Gt*NIR. Cu3, which almost fully occupied the site, is coordinated by surface residues, His42, His83, and Glu53 from the adjacent trimer ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Cu4, which is ligated by His244 (His^CAT^ in *Gt*NIR), showed occupancy of 0.1 ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). These Cu ions were observed and confirmed by anomalous dispersion signals in a previous study ([@r23]). They are thought to be artifacts caused by the presence of highly concentrated Cu ions in the crystallization solution. The presence of Cu4 has been a problem for several years because it binds to His^CAT^ and impedes the understanding of the catalytic mechanism. However, Cu4 did not contribute so much to the neutron-scattering length density map compared with the case for the electron density map ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). This is because the Cu atom only diffracts neutrons to the same extent as C, O, N, and D atoms, whereas it strongly does X-rays even when present at a trace amount. Consequently, Cu4 with very low occupancy is almost negligible in the ND data. We found another advantage of complementary analysis with XRD and ND when we refined the T2Cu site. A sodium (Na) ion having occupancy of 0.16 was observed in the electron density map as is found in a previous SFX structure of *Gt*NIR ([@r23]). Although the X-ray scattering of a Na atom is comparable to those of C, O, and N atoms, its neutron scattering is significantly weaker than theirs. Therefore, low occupancy Na is negligible in the ND data ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)), supporting our previous speculation that the site is occupied by Na not a water molecule. Because the Na ion has been only observed in the damage-free XFEL structure, its presence indicates that we could collect the present X-ray data with low radiation damages. Furthermore, our data did not show the presence of a diatomic foreign ligand on the T2Cu atom, which is found in aerobically manipulated *Gt*NIR after X-ray photoreduction ([@r22], [@r42]). Therefore, the T2Cu site observed is considered to be in the oxidized state.

Protonation States Around Catalytic T2Cu. {#s3}
-----------------------------------------

Previous high-resolution XRD analyses of *Gt*NIR depict five water molecules located around the T2Cu site (Wat0, Wat0′, Wat1, Wat2, and BW) ([@r23], [@r43]). Among them are ligands to the T2Cu atom (Wat0 and Wat0′). We could observe all of these water molecules in the present XRD study, although Wat0′ was partially replaced with a chloride ion having occupancy of 0.3 as is found in a previous XRD study ([@r43]). The ND data also showed the presence of these five solvent molecules ([Fig. 2*A*](#fig02){ref-type="fig"}). The electron density and the neutron-scattering length density maps of Wat2 were slightly weak probably due to its flexibility as is observed in the XFEL experiment ([@r23]). The occupancy of Wat2 was refined to be 0.73. The *F*~o~--*F*~c~ neutron map can detect the position of H and D atoms ([Fig. 2*B*](#fig02){ref-type="fig"}). Negative and positive peaks in the H/D omit *F*~o~--*F*~c~ neutron map indicate the presence of H and D atoms, respectively. We observed a positive peak between the O^δ^ atom of Asp^CAT^ and Wat2, which formed a hydrogen bond with Asp^CAT^. There was another positive peak between the O^δ^ atom of Asp^CAT^ and Wat0. Because these peaks were respectively closer to Wat2 and Wat0 than to Asp^CAT^, we concluded that Asp^CAT^ was deprotonated in the resting state, which is consistent with an earlier result from Fourier transform infrared spectroscopy ([@r44]) and computational studies ([@r29]). Contrary to the case of Asp^CAT^, the *F*~o~--*F*~c~ neutron map showed positive density at around the N^δ^ and N^ε^ atoms of His^CAT^. Additionally, the neutron scattering length 2*mF*~o~--*DF*~c~ difference Fourier (2*F*~o~--*F*~c~ neutron) map showed the presence of the D atoms (note that the omit map of [Fig. 2*B*](#fig02){ref-type="fig"} was calculated with the model including Cu4 and that Cu4 did not fit the neutron map; [*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Therefore, His^CAT^ was basically protonated in the resting state. This observation accords with the earlier density functional theory (DFT) calculation showing that protonated His^CAT^ is stabilized when Asp^CAT^ is deprotonated ([@r29]). According to the occupancy of Cu4, we conveniently refined the D atom on the N^ε^ atom in His^CAT^ with occupancy of 0.9. Because the N^ε^ atom in His^CAT^ was too close to Cu4 (1.7 Å), there should be another conformation of His^CAT^ that was invisible in our data. BW showed positive electron density around it in the *F*~o~--*F*~c~ neutron map and its shape of the 2*F*~o~--*F*~c~ neutron map looked triangular corresponding to the molecular structure of water. Owing to such features found in the neutron maps, we could construct a complete hydrogen bond network around the catalytic residues ([Fig. 2*B*](#fig02){ref-type="fig"}).

![Protonation state of the T2Cu site. (*A*) Sigma-A--weighted 2*F*~o~--*F*~c~ maps for X-ray (blue, contoured at 1.5 σ) and neutron (magenta, contoured at 1.0 σ) data. (*B*) Positions of H and D atoms. Sigma-A--weighted *F*~o~--*F*~c~ neutron maps are shown by green (+3.0 σ) and red (−3.0 σ) meshes. Hydrogen bonds are illustrated by dashed red lines, and their distances are shown in ångströms. Dashed black lines indicate coordination bonds. H and D atoms are colored by white and cyan, respectively. Na, Cl, and Cu4 atoms are eliminated for the clarity. (*C*) Sigma-A--weighted 2*F*~o~--*F*~c~ neutron (magenta, contoured at 1.5 σ) and *F*~o~--*F*~c~ OD-omit neutron (green, contoured at +6.0 σ) maps. (*D*) The side view of *C*. The coordination bond between OD and T2Cu (dashed black line) is shown in Å unit. (*E*) Sigma-A--weighted *F*~o~--*F*~c~ OD-omit electron density map contoured at +6.0 σ, which is viewed from the same direction as *D*.](pnas.1918125117fig02){#fig02}

Direct Observation of a Hydroxide Ligand on the T2Cu Atom. {#s4}
----------------------------------------------------------

There were two water ligands on the T2Cu atom, Wat0 and Wat0′. Previous crystallographic reports on CuNIRs from *Achromobacter xylosoxidans* (*Ax*NIR) ([@r45]) and *Rhodobacter sphaeroides* (*Rs*NIR) ([@r46]) revealed that the binding sites of ligand water can change depending on the pH. Furthermore, pH is temperature-dependent; however, the presence and positions of Wat0 and Wat0′ were not temperature/pH-dependent in our experimental system because their positions in the present data collected at 100 K were almost the same as those in the room temperature SFX structure ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). While the *F*~o~--*F*~c~ neutron map indicated that one of the D atoms in Wat0 directed Asp^CAT^, we could not observe the positive peak of the other D atom. All other water molecules at the T2Cu site including Wat0′ showed two positive peaks around them, being neutral water molecules (D~2~O) ([Fig. 2*B*](#fig02){ref-type="fig"}). Refinement with models such as one D~2~O molecule resulted in significant negative peaks in the *F*~o~--*F*~c~ neutron map, while a deuterated hydroxide model (OD^−^) having full occupancy showed good agreement with the observed data ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Such OH-type molecules are often observed in neutron crystallography and are usually interpreted as being a result of rotational disorder of water molecules along one of two O-H bond axes ([@r47], [@r48]). However, ligand water molecules are usually immobilized on metal atoms as was observed in the water ligands to Cu3 at the molecular surface, which clearly showed two positive peaks of D atoms in the *F*~o~--*F*~c~ neutron map and were refined as D~2~O ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Wat0 also appeared to be fixed on the T2Cu atom with a low *B*-factor value of 15 Å^2^ for the O atom and its rotational motion was geometrically restricted. Comparison between neutron and X-ray data ruled out the possibility that a diatomic molecule such as O~2~ or NO binds to T2Cu ([Fig. 2 *A*, *D*, and *E*](#fig02){ref-type="fig"}). Therefore, we interpreted that a hydroxide ion existed on the T2Cu atom even at pD 5.3 (pH 4.9) in the preparation of the crystal. Although direct measurement of the pH in our cryogenic experiment was impossible, protonation states of proton-acceptable residues in our structure indicated that pH in the experimental crystal was not as high as that at room temperature; i.e., four of seven free His residues (typical p*K*~a~ of His: ∼6) were protonated and a glutamate residue Glu34 (typical p*K*~a~ of Glu: ∼4) positioned at the protein surface was protonated ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Thus, the observed hydroxide species at low pH might not be the same as a hydroxide-bound state of T2Cu that is proposed to be present in high pH environments ([@r38], [@r45], [@r49]). The negatively charged hydroxide ion may be stabilized by positive charges of T2Cu and protonated His^CAT^. A DFT study shows that the T2Cu site of *Gt*NIR energetically prefers a \[Cu(OH)\]^+^ state after the nitrite reduction reaction and direct release of NO ([@r30]).

Proton Channel. {#s5}
---------------

Wat2 next to Asp^CAT^ was a terminal water molecule in the major proton channel (MPC), which lined up water molecules from the molecular surface to Asp^CAT^. Asp112 was located at the other end of the MPC and formed a hydrogen bond with one of the bulk water molecules (entrance water) ([Fig. 3](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Two water molecules, WatA and WatB, constituted a hydrogen bond network between Asp112 and Wat2. These two water molecules did not directly form a hydrogen bond with each other. Instead, the carbonyl O atom of Phe110 mediated the proton channel. The carbonyl O atom of Gly136 was another residue that supported the location of WatA, and the carbonyl O atoms of Phe110 and Gly136 fixed the direction of WatA. Although WatA was the closest water molecule to Wat2 in the MPC, the observed distance between them was slightly long (2.4 Å). This long hydrogen bond and the indirect connection between WatA and WatB indicate that PT from bulk water needs thermodynamic fluctuations to rearrange hydrogen bond networks. This is consistent with that protein flexibility coupled with solvent motions controls proton transfer, which precedes the ET reaction in CuNIR ([@r50]). A slightly low occupancy of Wat2 implies its flexibility, which may be important to bring proton to the T2Cu site via Asp^CAT^. Moreover, a water cluster floating above WatA may mediate PT to Wat2.

![Complete hydrogen bond networks in the major proton channel. The 2*F*~o~--*F*~c~ neutron map (courted at 1.0 σ) is shown by meshes. Coordination and hydrogen bonds are shown by dotted black and red lines, respectively. D and H atoms are colored by cyan and white, respectively. Na, Cl, and Cu4 atoms are eliminated for the clarity. Only the major conformation of Wat3 is shown here for the clarity.](pnas.1918125117fig03){#fig03}

BW was a hydrogen donor to Asp^CAT^ and Wat3 that formed hydrogen bonds with the carbonyl O atom of Thr248. BW was a hydrogen acceptor from the amide group of Gly247. Thr248 interacted with Wat4, which formed a hydrogen bond with a T2Cu ligand, His100. Furthermore, Wat4 had a weak CH-O hydrogen bond interaction with His^CAT^ as proposed in the previous XRD study ([@r43]).

The electron density map revealed the flexibility of Wat3, with it being in two conformations. The H-D exchange ratios of main chain amides also suggest the flexibility around the T2Cu site. The D atom occupancies were higher in the surface loop regions than in the rigid β-barrel cupredoxin cores ([*SI Appendix*, Fig. S9*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). The amide H atoms of residues on the interior loop that is located above the T2Cu site were significantly replaced with D atoms ([*SI Appendix*, Fig. S9*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Because the amide moieties of Gly247 and Thr248 formed hydrogen bonds with water molecules ([Fig. 3](#fig03){ref-type="fig"}), the amide H-D exchange reaction occurs more easily at these residues than in other nearby residues. The Gly residue, which is conserved among CuNIRs ([*SI Appendix*, Fig. S9*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)), may be an important factor that provides flexibility to the catalytic site.

T1Cu Site and Intramolecular ET Pathway. {#s6}
----------------------------------------

[Fig. 4*A*](#fig04){ref-type="fig"} shows standard hydrogen bonds present around the T1Cu site. The Cys residue is an essential ligand of the T1Cu site because the electronic interaction between the S^γ^ atom of the Cys ligand and T1Cu dominantly controls the property of the T1Cu site such as color and redox potential ([@r7]). The *F*~o~--*F*~c~ neutron map indicated that Cys135 in *Gt*NIR is deprotonated ([*SI Appendix*, Fig. S10 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)), unlike the result of neutron crystallography on amicyanin, a small T1Cu-containig protein, in which the ligand Cys residue was protonated ([@r51]). This difference can be explained by the number of hydrogen bonds that the Cys residue forms. Deprotonated Cys in *Gt*NIR was stabilized by two hydrogen bonds between the S^γ^ atom and the main chain amide groups in Ser96 and Thr137. In amicyanin, the hydrogen bond corresponding to that between Cys135 and Ser96 in *Gt*NIR is conserved, whereas the residue at the position of Thr137 of *Gt*NIR is replaced with Pro and cannot form a hydrogen bond with the Cys ligand ([*SI Appendix*, Fig. S10*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)). Although the O^γ^ atoms of Ser96 and Thr137 were close to the S^γ^ atom of Cys135 (3.7 and 3.4 Å, respectively), the neutron structure did not show their hydrogen bonding to Cys135. The O^γ^ atom of Thr137 was a hydrogen donor to Asp112, the entrance residue of the MPC, and a hydrogen acceptor from the O^γ^ atom of Ser96 that is a hydrogen acceptor from the amide moiety of Gly136. The observed hydrogen bond network shows the connection between the T1Cu site and the MPC, which may be involved in PCET accelerated by solvent-slaved protein motions ([@r50]).

![Detailed hydrogen bond networks around the T1Cu site. (*A*) Standard hydrogen bonds around the T1Cu sites. Water molecules are illustrated by ball-stick models. T1Cu is shown by a brown sphere. (*B*) Low H-D exchange ratio on the N^δ^ atom of H134. Sigma-A--weighted 2*F*~o~--*F*~c~ neutron maps contoured at 1.0 (pink) and 3.5 σ (red) show low neutron scattering length density at the D atom of H134 compared to those at other T2Cu ligands, H100 and H294. Coordination and hydrogen bonds are shown by dotted black and red lines, respectively. D and H atoms are colored by cyan and white, respectively.](pnas.1918125117fig04){#fig04}

A previous computational study suggests that the intramolecular ET pathway is route A (hydrogen-bond jump) described in [Fig. 1*A*](#fig01){ref-type="fig"} and not route B (covalent peptide bonds). Note that neutron scattering length density around the D atom on the N^δ^ atom in His134 was less clear than those of other two His ligands to T2Cu. Because the X-ray data shows the presence of the H/D atom on the N^δ^ atom of His134 ([*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental)), we considered that the neutron scattering from this atom position is canceled by positive and negative scattering from partially occupied D and H atoms, respectively. Occupancy refinement resulted in that only 31% of the H atom on the N^δ^ atom in His134 was replaced with the D atom while the other two His ligands to T2Cu showed 100% H-D exchange ([Fig. 4*B*](#fig04){ref-type="fig"}). This observation indicates that route A has a tight hydrogen bond, which suppresses H-D exchange reactions. The hydrogen bond distance between the carbonyl O atom of Cys135 and the H atom on the N^δ^ atom of His134 was 1.9 Å. In [*SI Appendix*, *Supplementary Results and Discussion*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental), we provided the results and discussion on the network of weak hydrogen bonds around T1Cu, which was revealed by neutron crystallography.

Discussion {#s7}
==========

We determined the high-quality and high-resolution neutron structure of *Gt*NIR in its resting state. This structure provides insights into the catalytic mechanism of CuNIRs because it directly visualizes protonation states of catalytic residues, deprotonated Asp^CAT^ and protonated His^CAT^, which are in good agreement with the results from computational chemistry and spectroscopic experiments. However, this state is inconsistent with the observation in the *Ac*NIR neutron structure showing both deprotonated Asp^CAT^ and His^CAT^ at pD5.5. There are two external ligands to T2Cu in our structure, one of which is OH, not a water molecule, while the *Ac*NIR neutron structure shows only one axial ligand to T2Cu, which can be refined as a water molecule[\*](#fn1){ref-type="fn"}. This discrepancy may be explained by the equilibrium of the protonation states; that is, a proton can be easily exchanged between His^CAT^ and the axial ligand to T2Cu. Although Halsted et al. proposed that His^CAT^ is kept deprotonated during the enzymatic turnover ([@r26]), our structure at similar pD casts doubt on this view. Our observation of the hydroxide on T2Cu reminds of the possible OH-bound state in the course of nitrite reduction, which is proposed by DFT calculation using a *Gt*NIR structure ([@r30], [@r52]). A DFT study using another CuNIR, *Rs*NIR, also shows that the OH-bound state is the most stable intermediate after nitrite reduction ([@r29]). Our structure is direct evidence that the OH-bound state is stably present in the real CuNIR even at low pH, suggesting the nitrite reduction mechanism without forming Cu-nitrosyl coordination. In fact, side-on NO coordination to T2Cu observed in several crystal structures has been suspected from spectroscopic and computational viewpoints ([@r31]) although the recent time-resolved MSOX study captures the Cu-nitrosyl intermediate after NO~2~^−^ reduction ([@r28]). Therefore, the Cu-nitrosyl species is thought to be stabilized by environments in CuNIR crystals such as the presence of a slightly bulky residue above the T2Cu site ([@r53]). The combination of the present study and previous experimental and computational studies supports the enzymatic cycle shown in [Fig. 5](#fig05){ref-type="fig"}. The computational chemistry shows that the OH-bound state (species Ia) energetically prefers protonation of the hydroxide ion before ligand exchange by nitrite ([@r52]). The nitrite ion on the oxidized T2Cu atom shows an η^2^-O,O vertical conformation that is observed by the damage-free XFEL experiment (species II) ([@r24]). Our neutron structure suggests that one of the axial ligand binding sites tends to be occupied by a negative charge. Therefore, the nitrite ion at this moment may be in a negatively-charged and electron-localized state. The vertical conformation of nitrite reduces electronic repulsion with negatively charged Asp^CAT^. The electron-localized state may have an advantage in the following N-O bond cleavage. After the T2Cu site receives an electron from the T1Cu site, the proton on His^CAT^ is transferred by a redox-coupled proton switch mechanism to nitrite through BW (species III) ([@r24]). Now that protonated nitrite can form a hydrogen bond with Asp^CAT^, this state prefers the near-face-on (or near-side-on) manner in which the N atom of nitrite directly interacts with the T2Cu atom, which is observed in photoreduced synchrotron XRD structures ([@r24], [@r54]). The electron moves from the T2Cu atom to nitrite to form NO, which is released without forming the Cu-nitrosyl species. The resulting state (species IV) requires another proton to reconstitute the resting state Ia. Considering that another ND experiment observes species Ib at low pH, there should be an equilibration between Ia and Ib, which implies that proton transfer between the Cu ligand and His^CAT^ can easily occur via BW.

![Proposed reaction mechanism of nitrite reduction in CuNIR. Coordination and hydrogen bonds are shown by dotted black and red lines, respectively. Species I, II, and III are observed in the present neutron structure, our previous SFX structure, and our previous structures determined by synchrotron radiation crystallography (SRX), respectively.](pnas.1918125117fig05){#fig05}

The H-D exchange ratios observed in neutron crystallography are related to protein dynamics ([@r55], [@r56]). The high and low D atom occupancies indicate flexible and rigid structures, respectively. The D atom occupancy at the N^δ^ atom of His134, with which the carbonyl O atom of Cys135 forms a hydrogen bond, was significantly lower than those of other T2Cu ligand His residues. This observation shows that His134 and Cys135 maintain a relatively tight hydrogen bond and keep the local structure rigid. The DFT calculation proposes the corresponding hydrogen bond in *Ac*NIR is a part of the intramolecular ET pathway ([@r8]), although it has not been experimentally confirmed. The rigid hydrogen bond observed in our neutron structure is experimental supporting evidence for the presence of the hydrogen-bond jump because CuNIRs must prefer a rigid ET pathway that can reduce reorganization energy in the ET reaction.

The combination of high-quality TOF neutron diffraction data collection with NX joint refinement enables neutron structural determination at near-atomic resolution even for relatively large proteins such as *Gt*NIR with a molecular mass of ∼106 kDa. In several aspects, our neutron structure of *Gt*NIR shows good agreement with computational results, which have not been obvious from earlier XRD studies. We can conclude that high-resolution neutron crystallography is so powerful that it can smoothly connect experimental and computational studies.

Materials and Methods {#s8}
=====================

*Gt*NIR was expressed in *E*s*cherichia coli* BL21 (DE3) and purified by column chromatography. A large *Gt*NIR crystal was obtained by a combination of micro- and macro-seeding methods at 20 °C. The crystal was placed in the deuterated solution for 1 wk. Complete methods for protein expression, purification, and crystallization are described in [*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental). The crystal was flash-cooled in a nitrogen-gas stream and then data collection was performed at a beamline BL03 iBIX in the Materials and Life Sciences Experimental Facility of the Japan Proton Accelerator Research Complex (J-PARC) ([@r57], [@r58]). X-ray data were collected from the same crystal at a beamline AR-NE3A of Photon Factory Advanced Ring (PF-AR) ([@r59]) at 100 K using a Pilatus 2M-F detector (DECTRIS). Processing of data and structural analysis were performed as described in [*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918125117/-/DCSupplemental). The coordinate file and the structure factor file are deposited in the Protein Data Bank (PDB ID code [6L46](6L46)). The raw data are available at the Integrated Resource for Reproducibility in Macromolecular Crystallography ([https://proteindiffraction.org](https://proteindiffraction.org/)).
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Data deposition: The coordinate file and the structure factor file are deposited in the Protein Data Bank (PDB ID code [6L46](6L46)). The raw data collected in this study are available at the Integrated Resource for Reproducibility in Macromolecular Crystallography ([https://proteindiffraction.org](https://proteindiffraction.org/)).

\*Omitting D atoms on the ligand water molecule, we re-refined the *Ac*NIR neutron structure (PDB ID code [6GTJ](6GTJ)) with the deposited coordinates and the structure factor. We could not observe any positive *F*~o~--*F*~c~ peaks around it, implying the ambiguity of its protonation state.
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